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Optimizing the oxygen evolution reaction for
electrochemical water oxidation by tuning
solvent properties
Alessandro Fortunelli,*a,b William A. Goddard III,*b Luca Sementaa and
Giovanni Barcaroa
Electrochemical water-based energy cycles provide a most promising alternative to fossil-fuel sources of
energy. However, current electrocatalysts are not adequate (high overpotential, lack of selectivity toward
O2 production, catalyst degradation). We propose here mechanistic guidelines for experimental examin-
ation of modiﬁed catalysts based on the dependence of kinetic rates on the solvent dielectric constant.
To illustrate the procedure we consider the fcc(111) platinum surface and show that the individual steps
for the oxygen evolution reaction (OER) and oxygen reduction reaction (ORR) change systematically with
the polarizability of the medium. Thus changing this environmental variable can be used to tune the rate
determining steps and the barriers, providing a means for screening and validating new systems to opti-
mize the rate determining steps for the ORR and OER reaction pathways.
1. Introduction
An electrochemical water-based energy cycle represents a
promising means toward using dihydrogen as the energy
carrier for an attractive sustainable alternative to fossil-fuel
energy sources.1 In this strategy, sunlight excites electron–hole
pairs that separate to electrodes that carry out the hydrogen
evolution reaction (HER) and the oxygen evolution reaction
(OER), i.e., water splitting, with the dihydrogen being used
later via controlled water formation – the oxygen reduction
reaction (ORR) and the hydrogen oxidation reaction (HOR) – in
hydrogen fuel cells2:
Water splitting ðOER;HERÞ: H2O! 12O2 þH2 ð1Þ
Water formation ðORR;HORÞ: 1
2
O2 þH2 ! H2O ð2Þ
However, even the best catalyst electrodes exhibit slow
process kinetics and large over-potentials in the OER and
ORR processes, hampering the viability of this approach.
Experimental optimization of these catalysts has proceeded
slowly. Quantum Mechanics (QM) calculations have provided
new insights into the critical steps and how they depend on
alloying, but the extrapolation to develop new catalysts and
solvent conditions is not obvious.3–12 Even so, determining the
atomistic mechanisms underlying the electrochemical trans-
formations should provide guidance to achieve a significant
acceleration in making the water energy cycle (1) and (2)
eﬃcient and competitive with respect to traditional carbon-
based approaches.13
Unfortunately, in situ experimental characterization of the
mechanisms, including the state of the interfaces, reactants,
intermediates, reaction paths, and energy barriers under rea-
listic operating reaction conditions is extremely diﬃcult
because of the transient character of the species involved and
the diﬃculty in measuring atomistic details.14 We propose
here a simple approach to obtain the mechanistic insight that
can be used to suggest new designs for improved catalysts for
experimental and computational testing. We illustrate this
process using the fcc(111) platinum surface as a model cata-
lyst. Here we consider the dependence of kinetic rates for all
mechanistic steps as a function of the solvent dielectric con-
stant, showing how this can provide mechanistic hypotheses.
We show how this can be used to screen and validate proposed
reaction paths, providing an eﬀective tool to derive unique
mechanistic understanding from experiment. This approach is
particularly eﬀective for the water oxidation/formation cycle
because of the wide range of polarity changes in individual
OER/ORR mechanistic steps.
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This article is organized as follows. Section 2 provides
information on computational details, section 3 presents
Results and discussion, while section 4 summarizes our
conclusions.
2. Computational approach
The numerical results used here are taken from our previous
work:7,15,16 here we recall the method and computational
details. The methodology and computational details are as
follows. The Perdew, Burke and Ernzerhof (PBE)17 flavor of
density-functional theory (DFT) was employed. We used Seq-
Quest18 periodic DFT code in which Gaussian basis sets are
used to describe the single-electron wave functions in place
of the plane wave basis set used in many periodic DFT codes.
The Gaussian basis set consisted of an optimized double-ζ
plus polarization Gaussian-type basis set contracted from
calculations on the most stable unit cell of the pure
elements. Angular-momentum-projected norm-conserving
nonlocal eﬀective core potentials19–22 were used to replace
the core electrons. Thus, the Pt atom is described with 16
explicit electrons (six 5p, one 6s, and nine 5d in the ground
state).
The real space grid density is 5 points Å−1, while the reci-
procal space grid is (5 × 5 × 0) for slab calculations. All calcu-
lations allowed the up spin-orbitals to be optimized
independently of the down spin-orbitals (spin-unrestricted
DFT).
The Pt(111) surface was modeled as a periodic slab with
four Pt layers, each containing 9 metal atoms in the unit cell
(3 × 3 cells). The bottom two Pt layers were frozen in the crystal
positions using the experimental equilibrium value of the bulk
Pt lattice constant (2.775 Å), whereas the top two layers were
free to relax along with the adsorbed species (for simplicity,
this surface relaxation is not shown explicitly in the images of
Fig. 1 to be discussed in the next section).
The solvation calculations used the approach for periodic
slabs developed recently by Sha et al.7 This solvation (employ-
ing a continuum model23,24) was calculated using the
adaptive Poisson–Boltzmann solver (APBS) continuum
method.25,34 The reaction pathways were determined using
the Nudged Elastic Band (NEB) method,26–28 where the sol-
vation eﬀects were included a posteriori for each point along
the path. In changing the dielectric constant of the medium
(ε), we calculated only the electrostatic polarization term,
assuming that cavitation and dispersion/repulsion contri-
butions to the solvation energy do not change.23,24 We con-
sidered variations in ε from 78 (appropriate for water under
standard conditions) to 1 (vacuum). The APBS continuum
approach for modeling solvation assumes that the dielectric
interface between a solvent and solute is a sharp contact
surface defined by the van der Waals envelope with a probe
solvent molecule. Here the continuum medium outside the
solute is assumed to have the same dielectric constant up to
the contact point.
In these calculations we made several simplifying assump-
tions and approximations.
For example, we did not explicitly consider zero-point con-
tributions to reaction energetics, and we did not evaluate
Arrhenius pre-factors for energy barriers. While this is necess-
ary for quantitative accuracy, we focus here on deriving general
trends and the changes on the potential energy surface intro-
duced by solvation.
Also we did not combine the Arrhenius prefactor for the
rate determining step with the number of steps of the process
into an the eﬀective Arrhenius prefactor,3 as in the present
case this does not amount to more than a factor of 2.
Fig. 1 Fundamental reaction steps of ORR/OER on Pt(111).7,8,20 H, O,
and Pt atoms in white, dark gray, and light gray color, respectively.
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3. Results and discussion
In electrochemical cells, each process of the water energy cycle
(1 and 2) is realized at a separate electrode. Specifically, water
splitting occurs as oxygen evolution reaction (OER) and hydro-
gen evolution reaction (HER):
OER ðanodeÞ: H2O! 12O2 þ 2H
þ þ 2e ð3Þ
HER ðcathodeÞ: 2Hþ þ 2e ! H2 ð4Þ
while water formation involves the oxygen reduction reaction
(ORR) and the hydrogen oxidation reaction (HOR):
ORR ðcathodeÞ: 1
2
O2 þ 2Hþ þ 2e ! H2O ð5Þ
HOR ðanodeÞ: H2 ! 2Hþ þ 2e ð6Þ
HER/HOR electrocatalysts are known to achieve fast kinetics
under a wide range of conditions;29 however, OER/ORR cataly-
sis is far slower with the mechanisms and the origin of their
ineﬃciency is still quite uncertain.30,31
A worked-out example: Pt(111)
To illustrate our approach for solvent optimization, we will
focus on a specific catalyst: the fcc (111) platinum surface.32,33
The Pt(111) surface as an ORR catalyst has been investigated
thoroughly,7,16 whereas Pt is well known to be a not good OER
catalyst: experimentally, PtOx species develop on Pt surfaces
under OER conditions when increasing the electrode potential
above ≈1 V, and OER eventually takes place with a significant
over-potential on these oxidized surfaces.32,33 We selected Pt(111)
here because rather thorough investigations of the ORR mechan-
istic steps as a function of the solvent dielectric constant have
already been published,7,16 providing the framework to conduct
the present analysis.
Fig. 1 shows the reaction steps involved in OER and ORR on
Pt(111). We start with the reaction path energetics for ORR on
Pt(111) calculated using PBE density-functional theory (DFT)
calculations for the gas phase and for water using the APBS
continuum model based on the Poisson–Boltzmann approxi-
mation.7,8 Recently16 we extended these energetics to solvents
with various dielectric constants, using the same continuum
model.34 As described in section 2, electrostatic polarization
terms are included as the dielectric constant of the medium, ε,
which is changed from 78 (appropriate for water under stan-
dard conditions) to 1 (vacuum), assuming constant cavitation
and dispersion/repulsion contributions.
For simplicity, in Fig. 1 it is assumed that during water for-
mation/oxidation reactions the metal support maintains the
same basic atomistic structure, thus ignoring surface recon-
struction and collective rearrangements involving adsorbates
that may occur in the high-coverage régime.35 Also, coverage
eﬀects on reaction energetics are not investigated. As dis-
cussed above, we take the Pt(111) surface as an example of an
electrode catalyst because a computational mechanistic investi-
gation as a function of the medium polarizability is avail-
able.16 However, our approach of deriving mechanistic insight
from tuning solvent properties should be relevant for a variety
of surfaces.36 The picture provided here is a paradigmatic ana-
lysis, illustrating the application and the potential of the
present approach, whose major goal is to provide a general
framework for understanding and designing ORR/OER catalyst
systems independent of the details of the catalyst and compu-
tational approach.36
The ORR/OER energetics with various values of the solvent
dielectric constant ranging from pure water (ε = 78) to vacuum
(ε = 1) as derived from calculations7,8,16 are reported in
Table 1, while Fig. 2 shows the energy barriers as functions of
the inverse of the solvent dielectric constant for each step con-
sidered in Fig. 1 and Table 1.
Charged species such as hydronium or hydroxyl ions are
not included in Fig. 1, 2 and Table 1. However, the energetics
of adsorption/desorption of H and OH species on the Pt(111)
surface is known from the experiment and can be included
into the modelling at various levels of accuracy. For example,
the transfer of a hydrogen atom adsorbed on Pt(111), Had, into
the solution as a hydronium ion and the simultaneous release
of an electron into the Pt electrode:
Had ! Hþsolv þ e ð7Þ
corresponds to a standard free energy diﬀerence of
+0.40 eV,37 implying e.g. that Had is not present on the
Table 1 Energetics of the fundamental reaction steps of ORR/OER on Pt(111).7,8,16 ORR reaction energy diﬀerences (ΔEORR) and reaction energy
barriers for ORR and OER: EORRb and E
OER
b , respectively, are reported for various values of the solvent dielectric constant ranging from vacuum, ε = 1,
to water, ε = 78. Note that energy diﬀerences correspond to the ORR, and their sign must be changed when reversing the direction of the reaction
coordinate in the OER
Vacuum ε = 1.0 ε = 2.5 ε = 4.0 ε = 10.0 Water ε = 78.0
OER/ORR step ΔEORR EORRb EOERb ΔEORR EORRb EOERb ΔEORR EORRb EOERb ΔEORR EORRb EOERb ΔEORR EORRb EOERb
A/I −0.49 +0.00 +0.49 −0.61 +0.00 +0.61 −0.68 +0.00 +0.68 −0.73 +0.00 +0.73 −0.81 +0.00 0.81
B/L −1.10 +0.57 +1.67 −1.49 +0.32 +1.81 −1.73 +0.21 +1.94 −1.94 +0.12 +2.06 −2.34 +0.00 2.34
C/M −0.32 +0.74 +1.06 −0.17 +0.82 +0.99 −0.07 +0.88 +0.95 −0.02 +0.90 +0.92 +0.11 +0.97 0.86
D/N −0.80 +0.14 +0.93 −0.71 +0.18 +0.89 −0.67 +0.20 +0.87 −0.62 +0.23 +0.85 −0.48 +0.24 0.72
E/O −0.32 +0.30 +0.62 −0.31 +0.28 +0.59 −0.30 +0.26 +0.56 −0.29 +0.25 +0.54 −0.29 +0.22 0.51
F/P −0.92 +0.12 +1.04 −1.22 +0.07 +1.29 −1.40 +0.04 +1.44 −1.54 +0.01 +1.55 −1.80 +0.00 1.80
G/Q +0.10 +0.23 +0.13 +0.17 +0.30 +0.13 +0.22 +0.35 +0.13 +0.26 +0.39 +0.13 +0.38 +0.51 0.13
H/R +1.60 +1.74 +0.14 +1.77 +1.81 +0.04 +1.87 +1.87 +0.00 +1.95 +1.95 +0.00 +2.10 +2.10 0.00
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surface under OER conditions. As shown previously,3–6
the eﬀect of the electrode potential on the reaction energies
for processes involving hydrogen desorption (or adsorption)
can be included approximately by shifting by the magnitude
+eV (with e being the unit charge and V the potential)
the energy of products such as in eqn (7). A more complete
investigation of the eﬀect of electrode potential on the energy
profile (barriers) is not straightforward but has been con-
sidered in the DFT calculations for some steps of the ORR
on Pt(111).9
Before illustrating our proposal, we digress about OER over
Pt(111). Pt(111) per se is not a good OER catalyst: rather,
oxides such as IrO2 or RuO2 are eﬃcient systems.
38 However,
we will show hereafter that understanding why Pt(111) is not a
good catalyst although it is an excellent ORR catalyst and can
be useful for a rational design of OER catalytic systems. More-
over, we show that studying the dependence of Pt(111) OER
activity upon the solvent dielectric constant provides useful
insights.
From Table 1, the main issue of achieving eﬃcient OER is
singled out as the diﬃculty in forming and stabilizing the O–O
bond over the catalyst surface.3 Three pathways have been
established to form an O–O bond:
1. Direct OO formation. Here two adsorbed O atoms on the
surface are combined directly:
O2 formation: Oad þ Oad ! O2ad ðstep BÞ ð8Þ
We find that the barrier for this is 1.67 eV in the gas phase
which becomes 2.34 eV in water.
2. H-assisted OO formation. Here O2 formation involves two
steps. First Oad and OHad are combined to form HOOad:
OOH formation: Oad þ OHad ! HOOad ðstep FÞ ð9Þ
which is followed by decomposition of the HOOad to form gas
phase O2 and Had,
OOH dissociation: OOHad ! O2ad þHad ðstep EÞ ð10Þ
We find that OOHad formation is thermodynamically dis-
favored by 0.9 eV in the gas phase which becomes 1.8 eV in
water, with the corresponding barriers of 1.04 eV in the gas
phase and 1.8 eV in water. Although still high, these values
are smaller than for the direct O2 formation step
B. Moreover, as regards the main premise in this work, we
note that solvation in water provides a sizeable contribution
to the energy barrier: 0.76 eV, so that reducing the polari-
zability of the medium should improve the viability of this
pathway.
3. Peroxide mechanism. There is also a third possibility: the
formation of hydrogen peroxide from two hydroxyls:
Peroxide formation: OHad þ OHad ! H2O2ad ð11Þ
Fig. 2 Predicted energy barriers for the individual reaction steps of the (a) OER and (b) ORR on Pt(111) as a function of the inverse of the dielectric
constant of the solvent ε.16 The nomenclature of reaction steps is the same as in Fig. 1. The rate determining steps at various values of (1/ε) are high-
lighted in bold.
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which subsequently loses the H atoms one by one to form O2.
However, this is suppressed by the much more favorable OH
disproportionation:
OH disproportionation: OHad þ OHad ! Oad þH2Oad ðstep GÞ
ð12Þ
Both steps (8,9) are highly endothermic, and both become
even more endothermic in a strongly polarizable, high-dielec-
tric-constant solvent such as water because the solvation ener-
gies of adsorbed dioxygen O2ad or hydroperoxyl radical OOHad
are smaller than those of the adsorbed oxygen atom or
hydroxyl OHad species. Moreover, as observed above solvation
in water gives a further sizeable contribution to the energy
barrier of the OOHad formation step: 0.76 eV. It is also impor-
tant to underline that applying a potential does not strongly
aﬀect such energy diﬀerences so that this issue of stabilizing
the O–O bond is expected to hold independent of the value of
the bias potential.39
Another crucial point is that the barrier to dissociation of
adsorbed O2 is nearly zero in water so that any O2 produced
might re-react to form Oad + Oad (interestingly this barrier can
also become negligible in small clusters, see e.g. ref. 50). But
this barrier increases for less polarizable media, making this
process potentially less important. A similar reasoning holds
for OOH dissociation, whose kinetic stability is also important
to stabilize the path leading to O2.
Coming explicitly to the mechanisms which may take place
on Pt(111), for ORR at 1/ε < 0.38, the steps are: step L to dis-
sociate O2 to form Oad, step Q to hydrolyze Oad to OHad, step N
to form H2O by protonating OHad, leading to step Q as the rate
determining step (RDS). For 1/ε > 0.38, step O hydrogenation
of O2 to form OOHad followed by step P to form Oad and OHad
becomes more favorable than step L, but the RDS remains step
Q until 1/ε > 0.55 where step O becomes the RDS. Thus the
highest rate should be for 1/ε ∼ 0.55.
For OER at all 1/ε ≳ 0.95, the steps are step D to form OHad
and Had from absorbed H2O, followed by step G to form Oad +
H2Oad from two hydroxyls, followed by step F to combine Oad
and OHad to form OOHad, followed by step E to form O2ad, fol-
lowed by step A to release free O2 from the surface. The overall
RDS is step F, but never step B. However, for 1/ε < 0.95, step C
to convert OHad to Oad + Had has a lower barrier, preventing
step F. In this case the Oad concentration would build up until
there are no sites to accommodate step C, at which point
step F could again occur. Thus step F is again the RDS, now
for all ε.
In short, a candidate OER path over a Pt(111) catalyst
surface is the following:
H2O dissociation: H2Oad ! HOad þHad ðstep DÞ ð13Þ
OH disproportionation: OHad þ OHad ! Oad þH2Oad ðstep GÞ
ð14Þ
OOH formation: Oad þ OHad ! HOOad ðstep FÞ ð15Þ
OOH dissociation: HOOad ! O2ad þHad ðstep EÞ ð16Þ
H dissolution: Hads ! Hþsolv þ e ð17Þ
The possible reaction pathways for ORR and OER are picto-
rially shown in Fig. 3 for convenience of the reader.
The conclusion of this digression is that tuning the
medium polarizability can appreciably modify the OER electro-
catalytic activity of a given system.
The dielectric sensitivity strategy for improving OER and ORR
catalysts
The above discussion and Fig. 2, showing that the energy bar-
riers of the individual ORR and OER reaction steps exhibit a
quite diverse behavior as a function of the inverse of the
solvent dielectric constant, lay the basis for the proposed
dielectric sensitivity strategy for improving OER and ORR
catalysts.
Thus for some new catalyst system, we propose that the first
step in improving the catalyst is to measure experimentally
how the overall ORR/OER depend on the solvent dielectric con-
stant, say for two or three solvent cases, and compare with
Fig. 2. Based on the slope one can identify which regime this
catalyst is and use this information to identify the likely RDS.
Then focus on this hypothesized RDS making variations in the
catalyst that are expected to decrease the barrier.
Thus for the case of ORR on Pt(111) in the range of large ε,
the derivatives of the energy barriers with respect to (1/ε) range
from
• a negligible value – steps I,P
• to small positive or negative values – steps O and N,
respectively
• up to significantly positive values for step L or
• significantly negative values for steps M, Q, and R.
Similarly for OER on Pt(111), the derivatives of the energy
barriers with respect to (1/ε) range
• from negligible values – steps G, and H
• to small positive values – step E
• up to significantly positive values for steps D and C or
• significantly negative values for steps A, B, and F.
These observations provide the basis for identifying the
RDS.
The reasons for such a diverse response to the perturbation
produced by a change in the solvent polarizability arise
because the ORR/OER individual steps exhibit a diverse range
of electron redistributions during the reactions: ranging from
creation or disappearance of strong hydrogen bonds and/or
substantial variations in the polarity of reactants and tran-
sition states, to minor changes and adjustments. The key
kinetic quantity that is sensitive to the solvent medium is the
diﬀerence in polarity between reactants and transition states .
We should stress that this strong diversity can be expected
in general for such reactions, because of the wide range of
electron redistributions associated with the reaction steps
involving O- and H-species is intrinsic to OER/ORR. Thus it
should be possible to use the dielectric constant discriminate
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the OER/ORR rate determining steps among the possible reac-
tion mechanisms.
It should be noted that the above general analysis made
several assumptions to simplify the discussion.
1. In Table 1 and Fig. 2 we included only electronic energy
contributions to reaction barriers whereas entropy must be
included to get rates, which depend on free energy. We have
developed a general procedure for doing this from molecular
dynamics in an explicit solvent,40–42 but not for an implicit
solvent.
2. We focused our analysis on the energetics at the catalyst
site, but changing the solvent medium also aﬀects transport
phenomena and the solvent double layer, which must be taken
into account for quantitative modeling. Interestingly, statistical
mechanics-based models describing the double layered struc-
ture and associated electric permittivity variation at the vicinity
of the catalyst43 could be coupled to the present calculations
by defining a space-dependent solvent dielectric constant.
3. The reaction paths can change under environmental con-
ditions (such as the solvent polarizability). For example, the
mechanism of HER on Pt(111) changes from a hydronium-
based one at low pH to a water-based one at high pH.29 Even
without a change in the overall mechanism, the rate determin-
ing step can change as a function of the solvent dielectric con-
stant simply because the barrier of the step that is initially rate
determining becomes smaller than that of another step, which
then becomes rate determining. This is the reason why the
overall kinetic rate is expected to exhibit a maximum as a
function of the solvent dielectric constant, in tune with the
Sabatier principle of catalysis.44 Thus the best strategy is to
study the derivative of kinetic rate via small perturbations in
the solvent dielectric constant as a function of ε.
4. Our analysis is valid only for non-reactive solvents.
Given these predictions, it will be interesting to find experi-
mental corroboration of our approach. Mixing water with other
solvents is a simple and eﬀective way to tune the dielectric
constant of the medium (another possibility is discussed
below16). Consider for example tetrahydrofuran (THF) – or
(CH2)4O – as a co-solvent.
45 THF has a low dielectric constant
of 7.8 under standard conditions, and is fully miscible with
water. A mixture of THF–water in a molar ratio 80 : 20 has a
dielectric constant46 of ≈10, corresponding to the second left-
most points in Fig. 2(a,b). Mixing water with THF in other
ratios or with other solvents can produce all the points in
Table 1 and Fig. 2.
Experimental investigations of the OER/ORR kinetics as a
function of solvent composition have not yet been reported.
However, recent experiments show an acceleration of ORR
kinetics upon changing the Nafion concentration in the cata-
lyst.51 This may be interpreted as a water confinement eﬀect
leading to a reduction in the medium dielectric constant, and
thus may be explained by the present analysis. Moreover, a
study along the line of solvent mixing has been explored in the
context of HER photocatalysis, for example ref. 47 that investi-
gated a THF–H2O mixture with a 80 : 20 molar ratio and
showed that it accelerates photocatalytic HER kinetics by 43%
Fig. 3 Pictorial illustration of the possible reaction pathways for OER and ORR on Pt(111).
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with respect to an equimolar 50 : 50 solution. This acceleration
was attributed47 to the influence of the solvent on optical exci-
tation energies, which in photochemistry goes under the name
of solvatochromic eﬀect.48,49 The solvatochromic eﬀect arises
from the diﬀerence in the dipole moment of ground and excited
electronic states, which produces a diﬀerential response to a
change in solvent polarity. Indeed, an analogy can be drawn
between the ground/excited state pair in solvatochromism and
the reactant/transition-state pair in the rate determining step of
catalytic processes – in both cases the response of the system to a
change in the dielectric properties of the solvent is determined
by the diﬀerential polarities of the two states. However we specu-
late that the kinetic acceleration reported in ref. 47 may actually
arise from the eﬀect of the solvent dielectric constant ε on the
HER reaction energy barrier, rather than solvatochromism. In
this case the experiment implies a derivative of the rate determin-
ing step energy barrier with respect to (1/ε) of −0.3 eV. If so, this
result could be used help test the catalytic reaction mechanism.
4. Conclusions
In summary, we show here that the kinetics and mechanism
of water oxidation/formation reactions can be modified drasti-
cally by changing the solvent polarizability. Taking the Pt(111)
surface as a model example for illustrative purposes, we ident-
ify the origin of its ineﬀectiveness as an OER catalyst as the
diﬃculty in forming and stabilizing the O–O bond over the
catalyst surface, which becomes more acute in a strongly polari-
zable high-dielectric-constant solvent such as water. We show
that this deficiency could be partially overcome by reducing
the medium polarizability.
Apart from the analysis of such specific examples, we
suggest that our solvent polarization optimization approach
provides a way to extract and validate the mechanistic under-
standing to help suggest improved materials. Our experimental
design approach is based on the dramatically diﬀerent depen-
dence of ORR/OER energy barriers upon solvation (see Fig. 2).
We suggest that this approach of combining experimental/
theoretical studies of the electrochemical water-based energy
cycle as a function of environmental variables can provide an
eﬀective tool to derive the mechanistic information needed for
achieving tailoring ORR/OER catalyst electrodes and materials
suﬃciently to make a practical water energy cycle a reality,
thus facilitating the rise of a much needed hydrogen economy.
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